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Abstract: We designed a 100 MeV /100 kW electron linear accelerator for NSC KIPT, which will be used to
drive a neutron source on the basis of subcritical assembly. Beam dynamics studies have been conducted to
reach the design requirements (F=100 MeV, P=100 kW, dE/E <1% for 99% particles). In this paper, we will
present the progress of the design and the dynamic simulation results. For high intensity and long beam pulse

linear accelerators, the BBU effect is one big issue; special care has been taken in the accelerating structure

design. To satisfy the energy spread requirement at the linac exit, the particles with large energy difference

from the synchronous particle should be eliminated at a low energy stage to ease the design of the collimation

system and radiation shielding. A dispersion free chicane with 4 bending magnets is introduced downstream
of the 1st accelerating section; the unwanted particles will be collimated there.
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1 Introduction

In the NSC KIPT (National Science Cen-
ter, Kharkov Institute of Physics and Technology,
Ukraine), a neutron source based on a subcritical as-
sembly driven by a 100 MeV /100 kW electron linac
will be constructed. This neutron source is an ANL
(Argonne National Laboratory, USA) and NSC KIPT
Joint project [1], and the linac will be designed and
constructed by IHEP, P. R., China. The design and
construction of such a linac with a high average beam
current, low emittance and low beam power loss is a
challenging technical task. Table 1 shows the main
specifications of the linac.

2 Linac layout

For high intensity electron linacs, both the regen-
erative and cumulative beam break-up (BBU) effects
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need to be considered. In our design, the following
measures are employed to suppress the BBU effects.

Table 1. Main specifications of the NSC KIPT linac.
parameters values
RF frequency/MHz 2856
beam energy/MeV 100
beam current (max.)/A 0.60
energy spread (10)(%) 1
emittance (1o)/(m-rad) 5x1077
beam pulse duration/ps 2.7
gun high voltage/kV 120

accelerating structure 10 units/1.336 m

klystron 6 units/(30 MW /50 kW)
RF pulse width/us 3.0
RF repetition rate (max.)/Hz 625

1) Using a short quasi-constant gradient acceler-
ating structure (~1.35 m long) to spread the dipole
higher order mode (HOM) frequencies along the
structure.
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2) Applying a solenoid magnetic field along the
1st accelerating structure.

3) Increasing the accelerating gradients of the 1st
and 2nd accelerating structures to enhance the beam
energy boosting rate at the low energy stage as much
as possible.

4) Decreasing the pulsed beam current to 0.6 A
and the beam pulse length to 2.7 ps.

5) Introducing triplet quadrupoles downstream of
every one or every two accelerating structures.

6) Adopting a better alignment with an accuracy
of less than 0.2 mm (10).

7) Employing the beam orbit correctors to control
the beam orbit as close to the accelerating structures’
axes as possible.

Figure 1 shows the schematic layout of the whole
linac. 6 klystrons and 10 accelerating sections are
employed with a total dynamical length of ~22.3 m
from the electron gun exit to the linac end. ~10 kW
and ~2-3 MW input RF power are needed for the
pre-buncher and buncher, while 16 MW and 20 MW
power for the 1st and 2nd accelerating structures (A0-
A1), 10 MW input power is needed for each of the
rest of the accelerating structures (A2-A9). A disper-
sion free chicane system located downstream of the
1st accelerating section was designed to collimate the
particles with a large energy difference from the syn-
chronous particle; in this way the total beam power
loss along the whole linac can be minimized.

30 MW 30 MW 30 MW 30 MW 30 MW 30 MW
Ukl e/ N, k4 /S k5 N\ K6 /
chicane |
system
1336 m 1336m  1336m  1336m  1336m 1336m 133m  133m 133m  1336m
dynamical length: 22.3 m
| |
Fig. 1. The schematic layout of the NSC KIPT linac.

3 Accelerating structure design

10 accelerating structures are employed to boost
the beam energy to 100 MeV. Table 2 shows the main
parameters of the accelerating structure.
press the BBU (both regenerative and cumulative)
effects, a ~1.35 m long 27/3 mode quasi-constant
gradient structure was adopted. The disk hole di-
ameter decreases from 27.887 mm to 23.726 mm in
a stepwise fashion along the structure (26.220 mm to
19.093 mm for SLAC type 3 m long structure). To de-
tune the dipole higher order modes quickly, the dipole
mode frequency spread was increased by increasing
the average disk hole diameter step to ~0.122 mm
(~0.085 mm for the SLAC type 3 m long structure).
At the 3rd to 6th disks of each structure, 11 mm di-
ameter holes will be drilled, by which the frequency of
the HEM11 mode can be increased from ~4042 MHz
to ~4050 MHz.

Due to the high averaged RF power loss in the
linac structure, water jacket cooling is needed to suf-
ficiently cool down the structure. Using the muti-

To sup-

| physics software package ANSYS [2], numerical RF-

thermal-structural-RF coupled finite element analysis
(FEA) on the accelerating structure has been carried
out [3]. The cooling water flow rate is finalized at
10 t/h.

Table 2. Accelerating structure parameters.

parameters values

operation frequency/MHz 2856
40.0£0.2

34 regular cells

operation temperature/°C
number of cells 2 coupler cells

1260 (36 cells)
phase advance per cell 2m/3

cell length/mm 34.989783
disk thickness (t)/mm 5.84
27.887-23.726
83.968-82.776
51.514-57.052
13806-13753
group velocity (vg/c) 0.02473-0.01415

filling time/ns 215
0.1406

section length/mm

iris diameter (2a)/mm
cell diameter (2b)/mm
shunt impedance (rg)/(M€/m)
Q factor

attenuation parameter/Np
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4 Beam dynamics

EGUN [4] and PARMELA [5] were used for the
beam dynamics study. Starting with the beam pa-
rameters at the gun exit calculated with EGUN, a
100 kV/0.85 A/3.85 ns/3.27 nC electron beam was
used as an input of PARMELA to simulate and opti-
mize the beam performance at the linac exit. 10000
initial particles were used. Fig. 2 shows the beam
optics in the electron gun. An electron beam with a
normalized emittance of 5.264 mm-mrad can be ob-
tained at the gun exit.

R/mm

Z/mm
Fig. 2. The beam optics in the electron gun for
the 0.85 A/100 kV beam.

The bunching system we normally used has a
transportation efficiency of ~85%. According to our

simulation, there will be ~15% particles downstream
of the 1st accelerating structure which cannot meet
the 1% (lo) energy spread requirement for 99% of
particles at the linac exit, and they should be elim-
inated at the low energy stage by a chicane system.
The beam collimator is located between the 2nd and
3rd bending magnets (where there is the largest dis-
persion) to collimate the particles with a large energy
spread. Conclusively, the linac would have ~70%
transportation efficiency (from the gun exit to the
linac end). To get a better beam performance, the
chicane system was designed to be dispersion free by
optimizing the edge angles of CB2 and CB3. After
passing through the chicane system, the bunch length
will be increased by ~4.2%, and ~2 kW beam power
will be lost in the collimator.

The beam collimation process is shown in Fig. 3.
The left 4 plots are at the CB1 entrance and the right
4 ones are at the CB4 exit. Here the phase spectrum,
beam profile, energy-phase distribution and energy
spread are shown. It can be seen from the energy-
phase distribution that the particles with a large en-
ergy difference from the synchronous particle are col-
limated successfully.

Figure 4 shows the beam bunching process, in
which the longitudinal beam performance (phase
spread and beam energy spread) at 5 locations (the
gun exit, the pre-buncher exit, the buncher entrance,
the buncher exit and the 1st structure A0 exit) are
shown, respectively. The beam is transversely focused
by ~25 solenoids from the gun exit to the A0 exit.

collimator
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Fig. 3.

The beam collimation process.
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Figure 5 shows the transverse beam envelopes
along the whole linac. Fig. 6 shows the PARMELA
simulation results of the phase spectrum, the beam
size, the energy spectrum and the energy spread from
the upper left to the lower right at the linac end. It
can be seen that the energy spread is 0.65% for 6933
good particles (99% of the total 7009 good particles
at the linac end). The simulated 1o normalized emit-

tance by PARMELA in two transverse directions is
23.4 mm-mrad and 23.9 mm-mrad (fairly lower than
the design requirement) respectively without any er-
ror effects being considered. Even when the error
effects (beam alignment, transverse wakefield, beam
phase, etc) were considered, the total rms normalized
emmitance would be lower than the design require-

ment of 100 mm-mrad.
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Fig. 6. The PARMELA simulation results at the linac end.

5 BBU effects

The BBU calculation methodology is shown in
Fig. 7. For each accelerating cell, dipole modes of the
1st six dipole bands were calculated by MAFTA [6].
Figs. 8 and 9 show the synchronized dipole modes’
kick factor and quality factor. For the ~1.35 m long
structure, ~216 dipole modes were considered. Here,
no solenoid magnetic field was applied, which is very
helpful for BBU suppression at low energy stage. In
the simulations, the cases with or without beam orbit
corrections were considered.

Figure 10 shows the beam offset and angle
distribution caused by the dipole modes of one
0.85 A /2.7 ps electron beam along the 1st accelerat-
ing structure. The left plot is for no orbit correction
case, while the right one is for the orbit correction
case. Here, +300 pm and 4300 prad initial beam off-
set and trajectory angle, which can cause the largest
beam offset than the other combinations of initial off-
set and angle, were assumed. It can be seen that the
largest beam offset caused by the dipole modes in the
1st accelerating structure is ~0.8 mm without beam
orbit correction and ~0.36 mm with correction.

calculate the dipole mode parameters for
each cell with MAFIA
(frequency, kick factor, quality
factor, etc)
(1st to 6th dipole bands)

calculate the energy gain caused by each
cell with PARMELA

(steady state beam loading estimated by
analytical formulae)

calculate the beam offset and angle caused by dipole modes at each cell exit
(200/300 pm initial offset and 200/300 prad initial beam angle)
(No solenoid magnetic field)

Fig. 7.

The BBU calculation methodology.
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Figures 11 and 12 show the cumulative BBU ef-
fect calculation results. The two left plots are for the
no orbit correction case, while the two right two ones
are for the orbit correction case. Here in Fig. 11,
the 4200 pwm/+200 prad (+300 pwm/4300 prad for
Fig. 12) initial beam offset and angle are assumed
for the upper two plots, while 4200 pm/—200 prad
(+300 wm/—300 urad for Fig. 12) is assumed for the
If the largest beam offset is com-
pared with the aperture of the accelerating structure,
it can be clearly seen that the beam can successfully
go through the linac by adopting a better alignment
with an accuracy of less than 0.2 mm (1o) and with
beam orbit correction.

lower two ones.

6 Beam power loss

The beam loss simulation is done with
PARMELA. Fig. 13 shows the result. Most of the
beam power loss is located at the chicane region,
where the electron beam has a relatively large en-
ergy spread and ~1.7 kW of beam power are colli-
mated by the collimator. The total beam power loss
along the linac (from the gun exit to the linac end) is
~2 kW, about 2% of the total beam power at the linac
exit.

0.40
035 | e
i
0.30
l"'
0.25 .'..'
0.20 i . . .
0 10 20 30 40 50
cell number
03 with correction
02 -dll'""“““"
0.1
0 (T
_0.1 L
0 10 20 30 40 50

cell number

The beam offset and angle distributions along the 1st 1.35 m long accelerating structure.
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Fig. 11. The beam offset distribution of one 0.85 A/2.7 ps beam along the whole linac with
+200 pm/+200 prad (the upper two plots) and +200 pm/—200 prad (the lower two plots) initial offsets and
trajectory angles.
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beam power loss along the NSC-KIPT linac
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7 Summary

One 100 MeV/100 kW electron linear accelerator
is to be constructed at NSC KIPT and will be used
to drive a neutron source on the basis of subcriti-
cal assembly. The beam dynamics design has been

00 500 600

total power loss is
~2 kW.

CB2 ™71700 W

CB4

The beam power loss distribution along the linac.

done with EGUN and PARMELA. BBU studies have
been carried out. To suppress the beam power loss
at the high energy stage and to facilitate the radia-
tion shielding system, a dispersion free chicane with
4 bending magnets was designed for the purpose of
beam collimation. The simulation results show that
our design is good enough to satisfy the design re-
quirements.
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